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The S +(i^7T, + A + A reaction as a probe of the AA interaction 

0> . I. R. Afnan^ 
0^ 

'^Flinders University, South Australia 
O 
D 
Q ' Within the framework of the Faddeev equations we demonstrate that a AA — 'BN 

interaction that gives a AA scattering length comparable to the nn scattering length, and 

the binding energy of aa^s as an aAA — aEN system, produces a final state interaction 

peak in the neutron spectrum for the reaction E~d — > nAA. This suggests that this 

■^ ' reaction could be used to constrain the AA scattering length. 

O 

o 

(N ■ 1. INTRODUCTION 

^ ' The main interest in the reaction S^d -^ nAA has been as a tool in the search for the 

H dibaryon [0,0, (the strangeness S = —2 six-quark SU{3) flavor singlet first suggested 
by Jaffe 0). On the other hand, the analogous reaction in the 5" = channel (i.e. 
n + d^p + n + n) has been used extensively to examine the final state interaction (FSI) 
^ I between the two neutrons and the extraction of the nn scattering length. This suggests 
^ '_ that one could consider the reaction 'E~d -^ nAA as a means to study the AA interaction. 
The success of the n — d breakup reaction as a tool to extract the nn scattering length 
^ ■ is based on the fact that the nn amplitude near zero energy is dominated by the ^Sq 
anti-bound state pole. This pole in the nn amplitude generates a FSI peak in n — d 
breakup that is sensitive to the nn scattering length. To carry the same analysis for the 
'E~d -^ nAA, the AA interaction in the ^Sq should also be dominated by an anti-bound 
state. 

The only experimental data on the AA interaction are the three observed AA hypernuclei 
AAHe 0, AA^e 0,11 , and aa^ EjHI) which invariably give an effective S'-wave matrix 
element of 

-(^AA)~4-5MeV. (1) 

This is smaller than the effective nn matrix element — ( Vnn ) ~ 6 — 7 MeV, but larger 
than the AA^ ^Sq matrix element of — ( V\n ) ca 2 — 3 MeV. This has led to the suggestion 
by Dover |^ that the AA system might support an anti-bound or weakly bound state 
considering the fact that the A mass is larger than the nucleon mass resulting in less 
kinetic energy in the AA system, and the observation that the short range repulsion 
in the nn interaction might not carry through to the AA system. There is also the 
additional attraction resulting from the coupling between the AA and SN channels which 



S 



is suppressed in AA hypernuclei as a result of Pauli blocking [ p!0|] . 



*The author would like to dedicate the present contribution to the memory of Carl B. Dover. 



With the absence of any S = —2 two-body data, the simplest procedure to construct 
a baryon-baryon interaction is to resort to a flavor SU{3) rotation of the one-boson- 
exchange (OBE) potential from the S = 0,-1 to the S = —2 channel. This allows us to 
determine all the meson-baryon coupling constants in the S = —2 channel. The SU{3) 
breaking is then partly due to the fact that the masses of the baryon and meson are taken 
from experiment, and partly as a result of modifying the short range interaction in the 
different S channels. 

To qualitatively see how the effective AA interaction could possibly be comparable in 
strength to the nn potential, we first write the diagonal elements of the potential in 
the particle basis in terms of the flavor symmetric {8 ® 8} irreducible representation of 
SUi3) H,i.e., 
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Since the nn interaction in the ^Sq is pure {27} representation and is strong, we would 
expect the V27 to give the dominant contribution for all three interactions listed above. In 
fact, for the Nijmegen soft core potential, the V27 representation dominates the medium to 
long range part of the interaction, while Vi has almost zero contribution for r > 1 fm [|l^] . 
We therefore have what is expected [H, i.e.. 



{Vnn)>{VKN)>{ VaA ) 



(3) 



The results in Eq. (^ are the lowest order contribution to the diagonal amplitudes in the 
5 = 0, —1, —2 channels. The fact that in the ^Sq both the AA^ and the AA interaction 
are part of a coupled channel problem, suggests that the coupling to lowest order gives 
further attraction to the amplitude, and this attraction is of the form 
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From Eqs.(^ and (^), it is clear that if the {27} is the dominant contribution to the flavor 
symmetric 5'f7(3) representation of {8 ® 8}, then the coupling in the S = —2 channel is 
more important that that in the 5" = — 1 channel, and it is possible that the AA amplitude 
could give a scattering length that is comparable to the nn scattering length, and larger 
in magnitude than the scattering length in the AA^ channel. 



In Sec. 2 we briefly describe the construction of tlie S = —2 potential |ll3| , p^ corre- 
sponding to the SU{3) rotation of the Nijniegen model D potential [|I^. Here the short 
range part of the interaction is chosen such that the ^Sq I = S = —2 system has no 
bound state, an anti-bound state or a bound state. We then proceed in Sec. 3 to present 
the binding energy of j^^He as a aAA — aSN three-body model for the different S = —2 
potentials JT3| , P^ . Here we find that the potential with a AA anti-bound state gives a 
binding energy for ^aHg closest to the experimental result 0]. In Sec. 4 we turn to the 
reaction Sd —>■ nAA and examine the sensitivity of the final state interaction peak to the 
AA scattering length ||13|,|16[. Finally, in Sec. 5 we present some concluding remarks. 



2. THE S 



-2 B-B POTENTIALS 



In the absence of any data in the S = —2 channel, we consider the meson exchange part 
of the Nijmegen model D potential for the A^A^ and YN systems |jl5|, and perform an 
SU{?>) rotation to determine the coupling constants of the mesons to the baryons. For a 
purely S'-wave interaction, the resultant OBE potential for the exchange of the i"^ meson 
is given by 

y,(r) = y«(r) + <?i-a2 V;«(r) . (6) 
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Figure 1. The strangeness —2, ^Sq, one-boson-exchange potentials Vaa and Vas- 



Since the resulting OBE potential is singular at the origin, we introduce a repulsive soft 
core with a cut-off mass M k. 2.'b GeV. As a result, the radial potential for the exchange 
of the i"^ meson is: 
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where rrii is the mass of the exchanged meson, and V^ is given in terms of the masses 



and the couphng constants as determined by the A^A^ and YN data ||13| , p!4|| . The cut-off 



parameters M and C are now adjusted to ensure that the long range part (r > 0.8 fm) of 
the meson exchange potential is not modified (see Fig. |I]). The final parameters M and C 
in the AA-SA^ interaction have been chosen to either support a bound state (C), generate 
an anti-bound state (B), or have no bound states at all (A). This allows us to test the 
hypothesis that the AA amplitude in the ^Sq interaction is comparable in strength to the 
^So nn amplitude P,P^. 

In Fig. |l] we present the AA potential Vaa and and the potential for the coupling 
AA — SA^ Vah in the ^Sq isospin zero channel. Also included is the OBE potential with no 
cut-off. Here we note that although the coupling potential Vah is smaller in magnitude 
than Vaa, it is large enough to support the argument stated in the Introduction on the 
importance of the coupling when considering the analysis of the data from AA hypernuclei, 
and the extraction of effective AA S'-wave matrix elements. 

The above S'[/(3) rotation and cut-off procedure gives a baryon-baryon potential in 
the S = —2 channel that is local in coordinate space. This potential is transformed into 
momentum space to solve the Lippmann-Schwinger equation. To reduce the Faddeev 
equations for ^AHe and Srf —>■ A\N systems from two-dimensional integral equations to a 
set of coupled one dimensional integral equations, separable potentials were constructed 
that give the same effective range parameters as the original OBE potentials in all S- 
waves [|13|,|14|. In the introduction of the cut-off and the construction of the separable 
potential, great care has been taken to maintain the relative strength of the potential in 
the different spin-isospin channels, and in this way we retain the features of the potentials 
resulting from the SU{3) rotation of the original Nijmegen model D potential. 



3. BINDING ENERGY OF ^^He 

To test the resulting potentials with the only experimental data on the AA interaction 
(i.e. AA hypernuclei), we have chosen the lightest of the S = —2 hypernuclei for which 
we can construct a reasonable three-body model, i.e., AAHe. If we maintain the coupling 
between the AA and SN channels, then ^aHg may be modeled as the two channel three- 
body system aAA — aEN. The three-body Alt Grassberger Sandhas (AGS) equations 
can now be solved exactly. The main sources of error in this model are: (i) The 



need to model the Pauli blocking between the A^ and the a in the a'EN channel. This 
is achieved by introducing a repulsive S'-wave interaction as has been implemented in ^Li 
as an aNN system |T^. (ii) The a particle is taken to be elementary, i.e., we have not 



included the a*AA channel, even though the energy of such a state is comparable to the 
energy of the aSN state. This is partly a result of the fact that we do not have sufficient 
data to fix the additional parameters introduced as a result of the coupling of the aN to 
the a*N channel, and partly due to the observation that the coupling to the a'EN channel 
is suppressed due to Pauli blocking. 

To examine the role of the coupling in the AA-SA^ channels, we have performed three 
distinct calculations by: (i) Including the coupling between the two channels, and solving 
the equations for the aAA-aEN system, (ii) Discarding the coupling between the chan- 
nels at the amplitude level without any modification to the parameters of the potential. 
This reduces the problem to the aAA three-body problem, (iii) Excluding the coupling 
between the channels at the two-body level, but then adjusting the parameters of the 



Table 1 

The binding energy in MeV of AAHe for the four potentials under consideration. Also 

included are the AA scattering length oaa and binding energy. 





SA 


SB 


SCI 


SC2 


Exp.[| 


Oaa in fm 
B.E.(AA) in MeV 


-1.90 
UB 


-21.0 
UB 


7.84 
0.71 


3.36 

4.74 




aAA - aE.N 

aAA with no coupling to a^N 

aAA with effective AA potential 


9.738 
9.508 
10.007 


12.268 
11.606 
14.134 


15.912 
14.533 
17.842 


19.836 
17.508 
23.750 


10.9± 0.8 



potential to give the same AA effective range parameters as the corresponding local OBE 
potential. The results for the different two-body interactions and different approximations 
are presented in Table 2 where we have also included the AA scattering length oaa and 
the AA binding energy for the potentials that support a bound state. 

If we compare the binding energies of aaHg for the different potentials with the one 
experimental measurement of 10.9 ± 0.8 MeV [^ (see Table |l]), we observe that: (i) The 
potential SB, in the complete calculation (i.e. row three of Table |l|), predicts the result 
closest to the experimental binding energy, and therefore is the best representation for 
the AA interaction. This supports the suggestion that the A A ^Sq amplitude may in 
fact be comparable to that of the nn ^Sq amplitude, i.e., the AA scattering length is 
comparable to the nn scattering length, (ii) A comparison of rows three and four of 
Table 1 demonstrates that the contribution of the coupling between the AA and SA^ in 
AA^He is small. This is due to the fact that the nucleon in the oEN Hilbert space is Pauli 
blocked, (iii) A comparison of rows three and five of Table |I], suggests that the inclusion 
of the coupling at the two-body level is essential if we are to avoid over-binding the AA 
hypernuclei nuclei. 
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Figure 2. The NDES for the potentials SA and SB. 
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Figure 3. The NDES for the potentials SCI, and SC2. 



4. THE FINAL STATE INTERACTION IN Sd -^ nAA 

We now turn to the reaction S^d ^ nAA for which there is an experiment in progress at 
Brookhaven ||2D,2T| . In the Figs. ^ and ^ we show the neutron differential energy spectrum 
(NDES) for this reaction for the four AA — EN ^Sq potentials under consideration. The 
energy at which the calculations have been performed corresponds to an incident S~ with 
an energy of 1 MeV (24.7 MeV relative to the nAA threshold). This is an approximation 
to the experimental setup in which the H~ is captured by the deuteron. In this way 
we avoid the complication of introducing an initial state Coulomb interaction into the 
three-body calculation. With the exception of the result for the potential SB, the neutron 
spectra do not exhibit the FSI peak expected. This suggests that we may use this reaction 
to determine the AA scattering length. In all four cross sections the dominant feature is 
the large broad peak at the low-energy end of the neutron spectrum. 
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Figure 4. The three amplitudes that contribute to the NDES for S d ^ nAA. 



In Fig. ^ we give a diagrammatic representation of the three amplitudes that contribute 
to the cross section for S~(i — > nAA. Diagrams (a) and (b) are expected to contribute 
to the FSI peak, since the final interaction is in the AA — EN coupled channels which is 



dominated by the anti-bound state pole for the potential SB . On the other hand, diagram 
(c) is a background term that could interfere constructively with either or both of the 
amplitudes corresponding to diagrams (a) and (b). 

A detailed investigation of the different contributions to the NDES reveals that the 
suppression of the FSI is the result of a destructive interference between the amplitudes 
that contribute to the NDES. To first establish that diagrams (a) and (6) have equal 
contribution from the AA anti-bound state, we present in Figs. ^ and ^ the NDES resulting 
from diagrams (a) and [b) respectively. Here we observe that the magnitude of the 
FSI peak is almost identical for the two diagrams, which is expected considering the 
fact that the same anti-bound state pole dominates both amplitudes in the FSI region. 
Furthermore, the cross section in the FSI region is substantially larger than the cross 
section resulting from including all three diagrams in Fig. ^. 



> 1200 

2 


SB 
^ E = 24.7 (MeV) 

- ^^^ cm 


- 




> 1200 

2 


1 : 1 1 1 1 1 1 1 1 1 

: SB 

r E = 24.7 (MeV) 

cm 


1 1 


- 


OT 


: \ a = 15° 


^ 




W 


a = 15 




\ 


1^ 800 

a 


1 ^^ y 


- 




^ 800 

a" 

i' 400 


- 


1 


- 


^ 400 


- 


"B 




- 




c^ 




y 


- 


T3 


- 


- 




"td 


7 ^______ 


^ 


- 





, , 1 , , , , 1 , , , , 1 , 


- 







— . ■ " 


1 


'- 














C 


) 5 10 15 


20 


5 10 


1 5 


2 




E (MeV) 








E (MeV) 







Figure 5. The NDES for diagram (a). 



Figure 6. The NDES for diagram (b). 



The major difference between the two cross sections for diagrams (a) and (6) in Fig. ^ 
is at the low neutron energy end of the spectrum. Here the contribution from diagram 
(a) is substantial, while the contribution of diagram (b) is small. To understand this 
difference, we observe that the lowest order approximation to diagram (a) involves the 
S~ interacting with the proton in the deuteron to generate the two final A hyprons. As 
a result, the neutron spectrum is directly related to the momentum distribution of the 
neutron in the deuteron. In other words, the peak in the neutron energy spectrum at low 
neutron energies in Fig. ^ is a measure of the momentum distribution of the neutron in 
the deuteron, which in this case is taken to be that resulting from a rank one Yamaguchi 
separable potential. On the other hand, the lowest order contribution to diagram (6) 
involves the S~ interacting with the proton in the deuteron converting the 'ET'p to two 
A hyprons, but now one of the A hyprons needs to rescatter off the neutron before we 
have a final state AA interaction. In other words, the lowest order contribution to the 
amplitude representing diagram (6) is third order in the multiple scattering series. This 
has the effect of distorting the momentum distribution of the neutron in the deuteron. 



The fact that the multiple scattering series for S~(i -^ (AA)n and E'd -^ (S~]9)n do not 
converge, suggests that the neutron momentum distribution in the deuteron in diagram 
(6) gets completely smeared in the NDES in Fig. |^. 

To determine the relative sign of the three amplitudes, we present in Figs. |^ and ^ 
the NDES for the diagrams (a) plus (c) and (b) plus (c) respectively. Here from the 
magnitude of the height of the FSI peak, we may conclude that diagrams (a) and (c) 
interfere destructively in the FSI region, while diagrams (b) and (c) give an enhancement 
to the FSI peak. This implies that diagrams (a) and (b) are out of phase. Since both 
of these diagrams are dominated by the anti-bound state in the FSI region, the fact that 
they are out of phase implies that in the cross section the FSI peak is suppressed. This 
is to be compared with n — d breakup, where the final state interaction (i.e. nn) is not 
a coupled channel. In that case there is only one amplitude that is dominant in the FSI 
region, and the interference between this single dominant amplitude and the background 
amplitude narrows the peak in the proton spectrum. However, in E^d -^ nAA where the 
major interference is between two amplitudes dominated by the anti-bound state pole, 
the FSI peak should be more sensitive to the AA scattering length. This is achieved at 
a cost of a reduction in the magnitude of the FSI peak. This suggests that the reaction 
S~(i — >■ ?7,AA could be a means for determining the AA scattering length, and in this 
way directly establish that the nn and AA amplitudes at threshold are comparable in 
magnitude, as first suggested by Dover M. 
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Figure 7. The NDES for (a) plus (c) 



Figure 8. The NDES for (b) plus (c). 



5. CONCLUSIONS 



The above analysis is based on a separable approximation to the S'-wave QBE potentials 
that results from the SU{3) rotation to the S = —2 channel of the Nijmegen model D 
potential. Here we find that: (i) A potential that gives a AA scattering length that is 
comparable to the nn scattering length in the ^Sq partial wave, gives a binding energy of 



12.27 MeV for aaHg. This is close to the experimental binding energy of 10.9±0.8 MeV 0, 
suggesting that the AA and nn amplitudes are comparable at threshold, (ii) This same 
potential (SB) that gives a binding energy for ^ivHe comparable to the experimental 
results, predicts a FSI peak for Sd —>■ nAA. This FSI peak is sensitive to the AA scattering 
length as a result of destructive interference between two amplitudes dominated by the 
AA anti-bound state pole. The fact that there are two amplitudes that are dominant 
in the FSI region is a direct result of the coupling between the AA and SN channels. 
This is to be compared with n — d breakup in which only one amplitude is dominated 
by the nn anti-bound state pole. As a result, the FSI peak in 'Erd — > nAA could place 
a constraint on the AA scattering length if there is an anti-bound state or very weakly 
bound state in the AA system, (iii) The low energy part of the neutron spectrum seems 
to be dominated by the momentum distribution of the neutron in the deuteron, and a 
more realistic deuteron wave function could enhance the magnitude of the cross section 
in the final state interaction region. 

From the above results we may deduce that a good measurement of the NDES for 
S~(i -^ nAA could be used to directly constrain the AA scattering length, and in this way 
avoid the more complex procedure of extracting the AA interaction from AA-hypernuclei. 
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